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Abstract 
High penetration of grid-connected roof-top photovoltaic power plants (GCRT-PV) is restricted by electric energy grid quality 
requirements and available storage capacities. This study evaluates how far small-scale storage systems can contribute to increment 
GCRT-PV penetration at municipal scale. To accomplish this, the GCRT-PV potential of a municipality is calculated in high 
spatiotemporal resolution and various scenarios of storage systems penetration are evaluated with a series of indicators. The 
adoption of a low share of storage systems improves energy utilisation, variability and reliability indicators; while an increased 
penetration of storage systems only marginally improves these indicators. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the General Assembly of the European Geosciences Union 
(EGU). 
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1. Introduction 
The yearly cumulated technical energy generation potential of grid-connected roof-top photovoltaic power plants 
(GCRT-PV) can be significantly larger than the demand for electric energy in sparsely populated regions in Europe 
[1]. In Germany for instance, 3,736 (32%) of all municipalities could become self-sufficient in terms of electric energy 
supply if it would be possible to make use of the full yearly GCRT-PV potential [2]. However, an energy balance with 
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cumulated annual values does not deliver the right picture of the actual potential for photovoltaics because it disregards 
too many technical requirements and restrictions. The temporal mismatch between generation and demand creates 
hard limitations for the deployment of the theoretical energy generation potential of GCRT-PV [3]. The actual 
penetration of GCRT-PV is also bounded by energy quality requirements of the grid and/or the available storage 
capacity for the electricity production beyond self-consumption.  
 
The advantages of small-scale electric energy storage systems are manifold but would lead to electric energy self-
sufficiency based on GCRT-PV only under very specific conditions. Fraunhofer ISE [4] has shown that a German 
single family household with an annual consumption of 4,700 kWh can achieve self-consumption of 100% of the 
electric energy generated by a 2 kWp PV installation if a battery of 4 to 6 kWh is installed. For a PV system able to 
produce as much energy as the household demands in one year, the same storage system sizes would only enable self-
consumption of 50% to 70%. Due to the temporal mismatch not all produced energy can be consumed by the household 
and only larger PV and storage system sizes would achieve self-sufficiency. This, however, occurs at cost of a 
permanently decreasing self-consumption rate [4], which means that excess energy either has to be fed into the grid or 
that curtailment would be necessary. Denholm and Margolis [5] found that a storage system capacity close to half the 
average daily demand enables PV to provide about 50% of the system’s energy. Similarly, Mavromatidis et al. [3] 
determined that a maximum of 64% of the energy demand of a Swiss village can be provided by GCRT-PV, in case 
an electricity storage capacity of 43% of the average daily demand is installed. For the case of entire municipalities 
Mainzer et al. [2] stated in a study for Germany that there are 53 (mainly residential and rural) municipalities that 
could use GCRT-PV to cover 100% of their electric energy demand, if short-term storage systems sized around 57% 
of the daily (winter/workday) electricity demand are installed (this is in average 6 MWh for these 53 municipalities). 
Nevertheless, this will only happen if the available GCRT-PV capacity is several times larger than the installed 
capacity that would be necessary to produce as much energy as demanded per year. If the installed GCRT-PV capacity 
in a German (mainly residential and rural) municipality is sized to produce 100% of the total yearly electric energy 
demand, only a storage sized about 44 times larger than the average daily demand would enable a 100% self-sufficient 
energy supply [6]. Larger PV system sizes or smaller storage capacities would generate either reverse loads or will 
obligate to use curtailment during certain periods of the year. While the impact of small-scale storage systems in terms 
of self-sufficiency and self-consumption rates for individual installations have been widely discussed, detailed studies 
for entire municipalities not only concerning these but further indicators, such as energy generation variability or 
frequency and magnitude of peaks, are still missing. 
 
This study is a first approach to a highly detailed evaluation of the impact of small-scale storage systems on the 
adoption of high shares of GCRT-PV in municipalities, considering more than self-sufficiency and self-consumption 
aspects. For this a high resolution spatiotemporal approach is used to study the relations and dependencies between 
technical GCRT-PV and small-scale storage systems potential. The approach will be tested in a case study region, a 
small rural municipality in Germany. The objective is to evaluate how far small-scale storage systems can contribute 
to increment the GCRT-PV penetration at a municipal scale while considering energy utilisation, energy generation 
variability and system reliability indicators. 
 
This paper is structured as follows: Section 2 describes the case study municipality and the methodology, while 
section 3 presents the results of the high spatiotemporal resolution analysis and section 4 draws final conclusions.   
2. Data and methodology 
2.1. Case study municipality 
Waldthurn, a mainly residential and rural municipality, located in northeast Bavaria (Germany), was selected as 
case study area. This municipality with only 2,019 inhabitants but 2,518 buildings has a yearly GCRT-PV energy 
generation potential almost 4 times larger than the total electric energy demand when assuming PV systems with 
14.4% efficiency [6]. The buildings can be divided in 650 main buildings (e.g. one family houses, multi-family houses 
or business) and 1,868 secondary buildings (e.g. stables, garages or tools deposits), distributed over 30.97 km². Basic 
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geographic data of the municipality were provided by the Bavarian Surveying Agency [7]. These data include Light 
Detection and Ranging (LiDAR) data with a density of at least 4 points per square meter and vector data of the build-
up areas and use classifications of buildings and infrastructure. Information concerning total energy demand for 
electricity divided by type of consumers was found in the current energy use plan of the municipality [8]. 
2.2. Methodology  
In order to evaluate how far small-scale storage systems can contribute to increment the GCRT-PV penetration in 
the case study municipality both the GCRT-PV potential and the electric energy demand have to be estimated in a 
high temporal resolution. A one-hour time step resolution was chosen to model energy demand load and the 
intermittency of a variable renewable energy source such as solar energy [9]. GCRT-PV potential yield in hourly 
resolution for every single possible suitable roof-surface in a municipality was estimated following the methodology 
proposed originally by Ramirez Camargo et al. [10]. It relies mainly on the GRASS GIS solar radiation modul, r.sun 
[11] and a simplified model of PV systems to calculate energy yield that was adapted from the model used by Jakubiec 
and Reinhart [12]. The necessary input data to apply the methodology included: 1) A high resolution Digital Surface 
Model (DSM) to recognize suitable roof-surfaces for PV, classify them depending on their aspect, sort them by size, 
and consider the shadowing effect of nearby objects. This DSM was generated with the LiDAR data provided by the 
Bavarian Surveying Agency following the procedure described by Neteler and Mitasova [13]; 2) A digital elevation 
model of coarser resolution to calculate the shadowing effect of mountains and hills in a radius of up to 230 km around 
the study municipality. In this case the DSM of the European Union with 25 m resolution generated in the GMES 
RDA project [14] was used; 3) Direct and diffuse solar irradiance on an horizontal plane and ambient temperature 
data. These were obtained in hourly temporal resolution for a typical meteorological year from the test reference year 
data set provided by the German Weather Service [15]; 4) Vector data of build areas and buildings classification for 
better recognition of the suitable roof areas. These data were also provided by the Bavarian Surveying Agency; 5) 
Technical parameters of the PV technology that was assumed to be installed. These are 14.4% panel efficiency, -0.45 
%/k temperature correction factor, 14% inverter and cable losses as well as 0.0035 K/(W/m2) reduction factor due to 
the installation in the roof-top. A detailed description of the methodology, the complete list of input data and possible 
alternatives to obtain them are described in detail in [10]. From all the potential installations, the ones with the highest 
yield per year per square meter roof-top area were selected in descending order and grouped into sets of installations 
able to cover 25%, 50%, and 100% of the yearly demand. 
 
Concerning the generation of electric energy demand time series, the total energy demand of the year 2012 found 
in the current energy use plan of the municipality was distributed in hourly values by making use of the standardized 
load profiles developed by the VDEW (Verband der Elektrizitätswirtschaft, since 2007 Bundesverband der Energie- 
und Wasserwirtschaft BDEW). These widely used data sets serve to disaggregate yearly data into 15 min-step time 
series for 11 different user types while considering daily and seasonal variations. Time series for the user types 
“households”, “agriculture in general”, “commerce in general”, “commerce on week days from 8 am to 6 pm” and 
“street lightning” were generated for the municipality. The five time series were summed up and aggregated to 1 hour 
time-steps in order to obtain the total energy demand in the same temporal resolution that was calculated for the 
GCRT-PV potential. 
 
In a further step, five scenarios were considered for each one of the sub-sets of installations of photovoltaic plants: 
1) no storage; 2) one 7 kWh battery installed in every main building with a GCRT-PV plant; 3) one 10 kWh battery 
installed in every main building with a GCRT-PV plant; 4) one 7 kWh battery installed in every main building in the 
municipality; 5) one 10 kWh battery installed in every main building in the municipality. For every case the battery 
dispatch profile was calculated following the storage model proposed by Solomon et al. [16], assuming a round-trip 
efficiency of the battery of 75%, while the only energy loss is due to storage inefficiencies and all energy generated 
by the GCRT-PVs is accepted regardless of the back-up capacity that would be required to ensure security of supply.  
 
Finally, we evaluated the energy balance of the municipality for every combination of GCRT-PV installations sub-
set and storage scenario using the following indicators: a) total photovoltaic installed capacity, b) total storage installed 
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capacity, c) output variability, d) total unfulfilled demand, e) total excess energy, f) total properly supplied energy, g) 
loss of power supply probability (LPSP), h) the amount of hours of supply higher than the highest demand in a year 
and, i) the number of hours, when supply is 1.5 times higher than the highest demand in a year. The detailed 
mathematical description of each indicator can be found in [10]. 
3. Results 
In the municipality there are 4,118 roof-top areas suitable for the installation of GCRT-PV. This is about 1.6 
potential installations per building, between 15.29 m² and 730.64 m² of size and an average size of 70.34 m². In order 
to generate an amount of energy equal to 25%, 50% and 100% of 5257.2 MWh annual energy demand, it would be 
necessary to build 149, 296 and 647 GCRT-PV installations respectively. The selected plants to generate 100% of the 
annual energy demand are spread over the area of the whole municipality (see Fig. 1) and 590 of them correspond to 
installations on main buildings.  
 
Fig. 1. Map of Waldthurn showing the selected GCRT-PV installations necessary to produce 100% of the annual energy demand, classified in 
three size categories. 
The indicators for the combinations of storage adoption scenario and GCRT-PV share are presented in Table 1. 
While the proposed GCRT-PV installed capacity shares double in every case (from 25% to 50% and then to 100%) 
the total installed capacity increases slightly more. To cover 50% of the annual demand 202.7% of the installed 
capacity necessary to cover 25% of the annual demand must be installed. In the case between 50% and 100% installed 
GCRT-PV capacity, the increment is 203.2%, and between 25% and 100% the increment is 412%. This indicates that 
coarser GCRT-PV potential estimations for municipalities, were it is assumed that all potential GCRT-PV plants have 
the same yield, could be overestimating the GCRT-PV potential by more than 10%; Optimal location conditions 
(optimal aspect and slope and no shadowing) are only given for a reduced number of installations. 
 Luis Ramirez Camargo and Wolfgang Dorner /  Energy Procedia  97 ( 2016 )  133 – 140 137
Table 1. Indicators for all storage adoption scenarios and GCRT-PV share combinations. 
Storage 
adoption 
Scenario 
GCRT-
PV share 
[%] 
GCRT-PV 
installed 
capacity 
[kWp] 
Total 
installed 
Storage 
Capacity 
[kWh] 
Output 
variability 
[kWh] 
Unfulfilled 
demand 
[MWh] 
Excess 
energy 
[MWh]
Properly 
supplied 
Energy 
[MWh] 
LPSP 
[%] 
Supply > 
maximum 
demand 
[h] 
supply > 
1.5 * 
maximum 
demand [h] 
No storage 25 1,617 0 98.1 4,108.1 76.1 1,257.3 94.9 37 0 
7 kWh per 
PV in main 
building 
25 1,617 1,043 95.2 4,067.8 22.4 1,297.5 93.1 7 0 
10 kWh per 
PV in main 
building 
25 1,617 1,490 95.1 4,060.6 12.8 1,304.7 93,0 1 0 
7 kWh per 
main 
Building 
25 1,617 4,550 94.2 4,051.1 0.0 1,314.3 92.8 0 0 
10 kWh per 
main 
Building 
25 1,617 6,500 94.2 4,051.1 0.0 1,314.3 92.8 0 0 
No storage 50 3,279 0 195.8 3,454.8 769.3 1,910.5 83.5 736 264 
7 kWh per 
PV in main 
building 
50 3,279 2,072 181.7 3,216.2 451.2 2,149.2 77.5 406 170 
10 kWh per 
PV in main 
building 
50 3,279 2,960 175.6 3,138.4 347.5 2,226.9 76.3 299 133 
7 kWh per 
main 
Building 
50 3,279 4,550 162.3 3,043.1 220.4 2,322.3 74.4 187 71 
10 kWh per 
main 
Building 
50 3,279 6,500 141.7 2,957.7 106.5 2,407.0 71.2 81 29 
No storage 100 6,663 0 386.9 2,918 2,917.5 2,447.4 70.1 1,740 1,058 
7 kWh per 
PV in main 
building 
100 6,663 4,130 375.8 2,178.1 1,931.1 3,187.3 57.1 1,035 719 
10 kWh per 
PV in main 
building 
100 6,663 5,900 366.3 1,950.9 1,628.1 3,414.4 49.5 851 596 
7 kWh per 
Main 
Building 
100 6,663 4,550 371.3 2,118.8 1,851.9 3,246.6 55.4 995 682 
10 kWh per 
Main 
Building 
100 6,663 6,500 359.6 1,902 1,562.8 3,463.4 47.7 813 572 
 
Concerning the output variability, the indicator improves in every case that more electric energy storage capacity 
is installed. Nevertheless, these improvements are below 10% for the 25% and 100% GCRT-PV shares when the 
highest storage capacity is compared with the case when the storage is completely absent. It is only for the 50% 
GCRT-PV share that the variability reduction achieves 27% when comparing the highest storage capacity with the 
no-storage case.  
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In terms of the unfulfilled demand, only little improvements can be made for the 25% GCRT-PV share since the 
largest part of the total generation is already properly delivered and this indicator cannot be improved beyond the total 
energy production of the GCRT-PV plants. In this case the improvements are merely 1% for the lowest installed 
storage capacity and 1.4% for the largest storage installed capacity when compared with the no-storage case. The 
improvements are considerably better for the 50% GCRT-PV share with 7% for the lowest storage capacity and 14.5% 
for the highest storage capacity when compared with the no-storage scenario. The highest improvements can be found 
for the highest considered GCRT-PV share. In this case storage systems of 7 kWh per main building with PV and 10 
kWh per main building reduce the unfulfilled demand by 25.4% and 34.9% respectively. The improvements in terms 
of unfulfilled demand between lowest and highest storage systems adoption are 0.5% for the 25% GCRT-PV share, 
9% for the 50% GCRT-PV share and 13% for the 100% GCRT-PV share.  
 
Excess energy increases rapidly with higher GCRT-PV shares but it can be reduced considerably when energy 
storage is adopted. When compared with the 25% GCRT-PV share excess energy is 10 times larger for the 50% 
GCRT-PV share and 38 times larger for the 100% GCRT-PV share if no storage is adopted. For the three GCRT-PV 
shares (25%, 50% and 100%) the total amount of excess energy is equal to 1%, 14% and 55% of the energy demand 
of the municipality if no storage is available. A 7 kWh storage system per building with a PV installation reduces 
excess energy by two thirds in the case of 25% GCRT-PV share and by around one third for 50% and 100% GCRT-
PV shares. The largest storage capacity completely eliminates excess energy for the 25% GCRT-PV share and enables 
energy excess reductions of up to 86% for the 50% GCRT-PV share and 47% for the 100% GCRT-PV share.  
 
Parallel to decreasing excess energy, larger storage capacities can also increase the amount of properly supplied 
energy. A storage capacity of 10 kWh per main building contributes to properly deliver 25.9% more energy for a 
GCRT-PV share of 50%, and 41.5% more energy for 100% GCRT-PV share than in the scenario without storage. The 
relative differences between the amount of properly supplied energy when comparing the lowest and the highest 
installed storage capacities is however, considerably lower. The improvements for this comparison are only 11% and 
8% for the 50% and 100% GCRT-PV shares respectively.  
 
LPSP improves more due to increased GCRT-PV share than with increased electric energy storage capacity. There 
are two explanations for this effect which can be seen in Fig. 2. On the one hand, small-scale storage systems are not 
able to store the total energy overproduction during summer. For instance, in the case of 100% GCRT-PV share and 
“7 kWh storage per main building with PV” scenario, the combination of PV and battery system is unable to provide 
sufficient energy for the period between midnight and sunrise even in summer. It is only with the largest storage 
capacity that the LPSP during summer can be reduced to 0. On the other hand, the energy generation from the PV 
installations is too low to satisfy the demand during winter. When considering winter days there is no difference 
between amount of energy that can be provided when comparing different storage capacities since the amount of 
energy generated by the GCRT-PV is simply too low to fill the storage systems. The energy production is not even 
enough to satisfy the demand one hour after sunset. Only GCRT-PV shares beyond 100% of the total yearly demand 
will contribute to improve the situation during winter days. This will also result in important increments in the non-
storable PV peak production during summer.  
 
High and very high electric energy generation peaks evaluated with the indicators “supply higher than the 
maximum demand” and “supply higher than 1.5 times the maximum demand” increase with higher GCRT-PV shares 
and are compensable only to a limited extend by energy storage systems. For 25% GCRT-PV there are only 37 hours 
in a year that the energy generation would overcome the maximum yearly demand even without storage. This value 
decreases rapidly to only one hour with the installation of 10 kWh in every building with a PV installation. For this 
GCRT-PV share there are not very high energy generation peaks. With 50% GCRT-PV share the high generation peak 
hours escalate to 736 and the hours of very high peaks to 264 if no storage is provided. These can be reduced almost 
90% by introducing 10 kWh storage capacity in every main building of the municipality. In the case of 100% GCRT-
PV share, the high peaks more than double and the very high peaks more than triple compared to the 50% GCRT-PV 
share. Since most of the peaks occur in summer even the highest installed storage capacity is only able to reduce the 
number of hours with peaks by half.  
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Fig. 2. Time series of PV output, energy output of PV combined with battery, energy demand and battery state of charge for the following cases: 
(a) a winter day when 7 kWh storage systems are installed in every main building with a PV system; (b) a winter day when 10 kWh storage 
systems are installed in every main building; (c) a summer day when 7 kWh storage systems are installed in every main building with a PV 
system; (d) a summer day when 10 kWh storage systems are installed in every main building. 
The results presented here encompass previous research and add detail to the results that have been presented for 
other municipalities. According to Mavromatidis et al. [3] GCRT-PV combined with a storage system of 43% of the 
average daily demand can provide up to 64% of the energy demand of a Swiss village. In the present study the scenario 
with the highest storage capacity (10 kWh per main building) corresponds to 45.1% of the average daily demand. This 
combined with 100% GCRT-PV share is able to properly supply 65.8% of the demand. It is however important to 
note that this would also mean reverse load or curtailment that totalize 1562.8 MWh, which are mainly concentrated 
in 572 peak hours of the year. Mainzer et al. [2] stated that for German rural municipalities with a high GCRT-PV 
potential and low population density it would be possible to achieve total self-sufficiency if short-term storage systems 
sized around 57% of the daily (winter/workday) electricity demand are installed. In the present study this case is not 
directly reproduced but the combination of 10 kWh storage systems per main building and 100% GCRT-PV share 
shows that self-sufficiency can be easily achieved during summer days and that the storage capacity would be enough 
to store as much energy as required during winter (See Fig. 2.). The challenge is that to produce the necessary amount 
of energy during winter the GCRT-PV share must be higher than 100% of the yearly demand. This would also mean 
that the peaks during summer will increase. As a consequence the amount of energy in reverse load would be also 
beyond of the numbers presented here.  
4. Conclusions 
A high resolution spatiotemporal approach was used to evaluate the impact of small-scale storage systems, in form 
of 7 kWh and 10 kWh batteries, on the penetration potential of GCRT-PV at the municipal scale. The fifteen 
combinations between GCRT-PV shares and electric energy storage capacity adoption for the case study municipality, 
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Waldthurn (Germany), showed that storage systems serve to improve energy utilisation, variability and reliability 
indicators but only to a limited extend. Higher electric energy storage capacities always improved the nine considered 
indicators but with diminishing improvements to increments in storage capacity.  
 
It was also possible to contribute to the discussion about the desirable limits of GCRT-PV penetration for 
municipalities: Firstly, this study indicates that coarse GCRT-PV potential estimations for municipalities that assume 
optimal and equally productive GCRT-PV installations for all buildings are overestimating the total technical GCRT-
PV potential; the availability of optimal locations decreases with higher GCRT-PV penetration levels. Secondly, 
energy generation of a share of 25% GCRT-PV can be totally self-consumed if storage systems are adopted. When 
the GCRT-PV share increases to 50% and 100%, small-scale storage systems can no longer enable 100% self-
consumption. Thirdly, municipalities with such a high GCRT-PV potential as Waldthurn, could become electric 
energy self-sufficient with storage system capacities that totalize around 50% of the average daily demand but with 
reverse loads or curtailment that are easily beyond 30% of the total yearly demand. This happens with the aggravation 
that most of the over production will occur during a reduced number of hours of the year.  
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